Introduction
============

Tissue damage and repair involves the complex interactions between different populations of cells and their coordinated cell movement ([@bib17]; [@bib22]; [@bib23]; [@bib3]). The mechanisms through which these interactions are orchestrated to mediate resolution of inflammation, a key step in tissue repair, remain largely unknown ([@bib18]). The resolution of neutrophil-mediated inflammation was classically thought to occur through controlled apoptosis ([@bib20]). However, recent work has established that migration of neutrophils out of inflamed tissues, termed neutrophil reverse migration, is a key mechanism of local resolution ([@bib15]; [@bib28]; [@bib24]; [@bib21]). Macrophages are known to regulate the resolution of neutrophil-mediated inflammation through phagocytosis of apoptotic neutrophils ([@bib5]). However, the role of macrophage--neutrophil interactions in reverse migration-mediated resolution is unknown. We took advantage of transparent zebrafish larvae to manipulate interactions between neutrophils and macrophages and identified a neutrophil-repelling role for macrophages during the resolution of neutrophil-mediated inflammation.

Results and discussion
======================

To investigate how neutrophils and macrophages interact after tail wounding, a time course was performed in double transgenic larvae, Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*), which labels both neutrophils and macrophages, respectively ([Fig. 1, A--C](#fig1){ref-type="fig"}). In accordance with previous studies ([@bib12]; [@bib14]), we found that neutrophils and macrophages are recruited with different kinetics to tissue damage ([Fig. 1 B](#fig1){ref-type="fig"}; [@bib9]). Neutrophils are often the first cells to arrive at a wound, and macrophages subsequently accumulate along the wound margin. Surprisingly, we found an inverse correlation between neutrophil and macrophage numbers at the wound ([Fig. 1 C](#fig1){ref-type="fig"}). Real-time imaging using double labeling showed that after macrophages contact neutrophils at the wound edge, as indicated by regions of overlay, neutrophils migrate away from the macrophages, whereas macrophages persist at the wound edge ([Fig. 1 D](#fig1){ref-type="fig"} and [Videos 1](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp1} and [2](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp2}).

![**Kinetics of neutrophil--macrophage interactions at wounds.** (A) Representative images of 3-dpf double transgenic larvae Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*) showing neutrophil and macrophage recruitment and resolution at the indicated times after needle wounding. (B) Quantification of the number of neutrophils and macrophages at wounds of larvae depicted in A. *n* = 43 larvae. Error bars indicate SEM. (C) Number of macrophages as a function of number of neutrophils at 1 and 2 hpw depicted in A. *n* = 43 larvae. Gray, macrophages and neutrophils are equally present at wound; green, macrophages predominate; pink, neutrophils predominate. (D) Real-time imaging of the leukocyte response to needle wounding using 3-dpf double transgenic Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*) larvae. Dotted lines delimit fins. Diamonds indicate neutrophil \#1, and asterisks indicate neutrophil \#2. Triangles indicate needle wound location. Bars, 50 µm.](JCB_201408090_Fig1){#fig1}

Cell tracking revealed that the kinetics of neutrophil behavior was different depending on the presence or absence of macrophages at the wound ([Fig. 2 A](#fig2){ref-type="fig"} and [Video 3](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp3}), with neutrophil mean duration at the wound reduced by ∼60 min when macrophages are present ([Fig. 2 B](#fig2){ref-type="fig"}). If neutrophils arrive at the wound first (in 16 out of 54 videos), they migrate randomly around the wound with periodic stopping and low relative velocity and directionality near the wound ([Fig. 2 C](#fig2){ref-type="fig"}). In contrast, if macrophages are present, neutrophils exhibit more directed migration at the wound, with increased velocity (in 23 out of 54 videos; [Fig. 2 D](#fig2){ref-type="fig"}), resulting in shorter durations at the wound. When neutrophils arrive first at the wound (condition a), every neutrophil (*n* = 20 neutrophils tracked from 16 different videos) was contacted by a macrophage before reverse migrating. When neutrophils come after macrophages (condition b), 61.7% (37/60 neutrophils tracked from 13 different videos) of the neutrophils contacted macrophages at the wound before reverse migrating. The remaining 38.3% (23/60 neutrophils tracked from 16 different videos) reverse migrated before any macrophage contact. These findings suggest that, depending on context, not all macrophages play a repelling role. Macrophages occasionally were "distracted" from the wound and appeared to "chase" neutrophils ([Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp4} and [Videos 4](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp5} and [5](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp6}). In this case, neutrophils tried to "avoid" macrophage interactions and migrate away from the wound or approach the wound by a different route to avoid macrophage contact (Fig. S1 B and [Video 6](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp7}). In 9 out of 54 videos, macrophages chase and trap live neutrophils ([Videos 7](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp8} and [8](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp9}) and rarely phagocytose neutrophils as an alternative fate (2 out of 54 videos; Fig. S1 C and Video 7). This chase and run behavior is reminiscent of the recently reported interactions between neural crest and placode cells ([@bib27]). The observation that wound-associated macrophages interact with neutrophils before neutrophil reverse migration suggests a role for macrophage-mediated repulsion in this process. These findings suggest that macrophages may influence neutrophil behavior at the wound in a type of contact inhibition (Fig. S1 D; [@bib1]), as has been reported during developmental cell movements and embryonic dispersal of *Drosophila melanogaster* hemocytes ([@bib26]).

![**Macrophages regulate neutrophil resolution at wounds.** (A) Real-time imaging of neutrophil behavior near wounds when neutrophils arrive first at the wound (a) or after macrophages (b) in 3-dpf Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*). Yellow lines indicate neutrophil tracks toward wounds, red line are tracks at wounds, and blue lines are tracks away from wounds. Dotted lines indicate the fin margin. The inset represents an enlargement of the dashed square. The asterisks identify the location of the same neutrophil at different time points. (B) Quantification of the duration that neutrophils stay at the wound in condition a and b. (C and D) Quantification of the directionality (C) and velocity (D) of neutrophils near the wound (red track) in condition a and b. In B--D, (*n*) = number of neutrophil tracks at the wound (red track) analyses for each condition. (E) Real-time imaging over 2 hpw in control or *irf8* morphant (*irf8* MO) Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*) larvae. Blue lines correspond to neutrophils that stay at wounds, and yellow lines correspond to neutrophils that resolve. (F) Number of neutrophils at wound 2 hpw in control and *irf8* MO larvae. (G) Percentage of neutrophils that resolved from the wounded zone during the 2 hpw in control and *irf8* MO larvae. In F and G, (*n*) = number of larvae. (H) Real-time imaging and neutrophil tracking in control or *irf8* MO Tg(*mpx:Dendra*) larvae from 0--3.5 hpw. Yellow lines indicate neutrophils migrating toward the wound, red line shows migration at the wound, and blue lines shows migration away from the wound. (I) Quantification of duration that neutrophils stay at the wound in control and *irf8* MO larvae. (J and K) Quantification of the directionality (J) and velocity (K) of neutrophils toward the wound, at the wound, and away from the wound in control and *irf8* MO larvae. In I--K, (*n*) = number of neutrophil tracks analyzed for each condition. Ctrl, control. Horizontal lines indicate means. Error bars indicate SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*\*, P \< 0.0001, two-tailed unpaired *t* test. Triangles indicate needle wound location. Bars: (A) 50 µm; (E and H) 100 µm.](JCB_201408090_Fig2){#fig2}

To determine whether macrophages promote the resolution of neutrophil-mediated inflammation, we used a previously reported *irf8* morpholino (MO) to deplete larvae of macrophages ([@bib13]). Although *irf8* MO results in a dramatic increase in the total number of neutrophils, macrophage depletion also induced a relative increase of neutrophil number at wounds compared with control at later time points after wounding, indicating a defect in neutrophil resolution ([Fig. S2, A--C](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp10}). To determine whether the defect in resolution was caused by impaired neutrophil reverse migration, we tracked neutrophil fate in *irf8* morphants. At 2 h postwounding (hpw), 57% of neutrophils had undergone reverse migration in controls compared with only 35% in macrophage-deficient larvae ([Fig. 2, E--G](#fig2){ref-type="fig"}; and [Video 9](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp11}). The finding that neutrophils will still exhibit reverse migration in the absence of macrophages indicates that other factors are also involved in neutrophil reverse migration ([@bib12]; [@bib24]). Further tracking revealed that the duration that neutrophils remained at the wound was increased in *irf8* morphants and that the velocity and directionality of neutrophils moving away from the wound was reduced ([Fig. 2, H--K](#fig2){ref-type="fig"}; and [Video 10](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp12}). These results suggest that macrophages play an important role in guiding neutrophils, as further suggested by a recent study showing that perivascular macrophages mediate the recruitment of neutrophils to infected tissue, indicating that these effects are context dependent ([@bib3]). Collectively, these findings suggest that macrophages promote resolution of neutrophil-mediated inflammation at wounds by facilitating reverse migration.

To further determine whether macrophages promote neutrophil reverse migration, we identified the molecular pathways that mediate macrophage attraction to tissue damage. H~2~O~2~ is a reactive oxygen species (ROS) that has been shown to mediate neutrophil attraction to wounds ([@bib19]). We recently identified the Src family kinase (SFK) Lyn as a sensor in neutrophils that detects H~2~O~2~ gradients generated by the dual oxidase (Duox) enzyme from epithelial wounds and mediates neutrophil attraction to wounds ([@bib30]). To determine whether ROS signaling mediates macrophage wound attraction, larvae were treated with the NADPH oxidase inhibitor, diphenyliodonium (DPI). Similarly to neutrophils, ROS inhibition strongly compromised the early recruitment of macrophages to wounds (1 h post--tail transection \[hptt\]). In contrast to neutrophils, ROS inhibition also impaired late (6 hptt) macrophage attraction to tissue damage ([Fig. 3, A and B](#fig3){ref-type="fig"}). In macrophages, ROS are mostly known to participate in phagocytosis and activation through autocrine processes ([@bib6]), but these findings suggest that the generation of hydrogen peroxide is also required for their motility and attraction to wounded tissues. This is in accordance with a recent study showing that Nox2 is required for macrophage chemotaxis in vitro ([@bib8]).

![**ROS and SFKs mediate macrophage wound attraction.** (A) Representative images of 3-dpf Tg(*mpeg1:Dendra2*) larvae treated with increasing concentrations of the NADPH oxidase inhibitor DPI for 1, 3, and 6 hptt. (B) Quantification of macrophage recruitment to wounded fins after DPI treatment at the indicated times. (C) Representative images of control, *duox* morphant (*duox* MO), or *cyba* morphant (*cyba* MO) 3-dpf Tg(*mpeg1:Dendra2*) larvae fixed 1 and 6 hptt. (D) Quantification of macrophage recruitment to wounded fins of control, *duox* MO, or *cyba* MO larvae at the indicated times. (E) Representative images of 3-dpf Tg(*mpeg1:Dendra2*) larvae treated with 20 µM SFK inhibitor PP2 for 1 and 6 hptt. (F) Quantification of macrophage recruitment to wounded fins obtained in E. (G) Representative images of wild-type (control) 3-dpf Tg(*mpeg1:Dendra2*) larvae and *yrk* morphants \#1 and \#2 (*yrk* MO1 and *yrk* MO2) larvae fixed 1 and 6 hptt. (H) Quantification of macrophage recruitment to wounded fins in control, *yrk* MO1, and *yrk* MO2 larvae at 1 and 6 hptt. Ctrl, control. (*n*) = number of larvae. Horizontal lines indicate means. Error bars indicate SEM. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001, one-way ANOVA with Dunnett's post-test (B and H) and two-tailed unpaired *t* test (D and F). Dashed lines border the location of tail transection. Bars: (A and C) 60 µm; (E and G) 50 µm.](JCB_201408090_Fig3){#fig3}

To further test how ROS mediate macrophage-directed migration in vivo, we used *duox* MO to address the possible recruitment of macrophages by epithelium-generated H~2~O~2~ gradients and *cyba* MO to explore a possible role for self-generated sources of ROS. *duox* MO impaired macrophage recruitment at both 1 and 6 hptt ([Fig. 3, C and D](#fig3){ref-type="fig"}). Our results indicate that macrophage recruitment is dependent on wound-generated ROS, despite the presumed presence of other macrophage chemotactic factors released from inflammatory sites ([@bib10]). The *cyba* MO targets the p22phox subunit of the Nox2 (NADPH oxidase complex 2) expressed in neutrophils and macrophages ([Fig. S3, A and B](http://www.jcb.org/cgi/content/full/jcb.201408090/DC1){#supp13}), which is deficient in some forms of the human immunodeficiency chronic granulomatous disease (CGD; [@bib25]). Depletion of p22phox also partially impaired macrophage recruitment, suggesting that macrophages may sustain their directed migration to tissue injury by producing their own source of ROS ([Fig. 3, C and D](#fig3){ref-type="fig"}). The findings indicate that macrophages exhibit a dual dependence on both extrinsic and intrinsic ROS for motility and wound attraction.

To investigate whether SFKs control macrophage-directed migration downstream of ROS in vivo*,* we characterized the role of macrophage SFKs in wound attraction. In contrast to neutrophils in which SFK are only important for early wound attraction, we found that SFK inhibition with PP2 impaired both early and late macrophage recruitment to wounds ([Fig. 3, E and F](#fig3){ref-type="fig"}). We previously showed that zebrafish macrophages express both Lyn and Yes-related kinase (Yrk) and that Lyn exerts a repressive effect on macrophage chemotaxis to wounds ([@bib30]). Yrk is expressed in macrophages but not neutrophils (Fig. S3 A) and was an attractive candidate to mediate macrophage recruitment. To test this idea, we depleted endogenous Yrk using two different MOs. Depletion of Yrk impaired early and late macrophage wound attraction, with a more significant effect noted 6 hptt ([Fig. 3, G and H](#fig3){ref-type="fig"}). Our findings identified a novel role for the SFK, Yrk, in macrophage wound attraction and help to clarify the complex interplay between SFK members in differentially tuning neutrophil and macrophage-directed migration in vivo ([@bib16]; [@bib2]; [@bib4]; [@bib32]; [@bib7]).

Macrophages and neutrophils both depend on ROS--SFK signaling for their early recruitment to wounds, but we found that ROS--SFK differentially regulate late neutrophil and macrophage wound recruitment ([@bib30]). It is an intriguing idea that the role of ROS--SFK signaling in neutrophil resolution may, in part, be indirect through macrophage regulation of neutrophil behavior. In accordance with this idea, patients with CGD who are deficient in NADPH oxidase or p22phox have increased neutrophil-mediated inflammation in tissues for unknown reasons ([@bib25]). To investigate the role of leukocyte-produced ROS in neutrophil-mediated inflammation, we depleted p22phox using *cyba* MO and characterized the resolution of neutrophil-mediated inflammation. We found that p22phox was not important for initial neutrophil recruitment ([Fig. 4, A and B](#fig4){ref-type="fig"}). However, at 6 hptt, *cyba* morphants had significantly more neutrophils near the wound than controls using both needle wounding and tail transection ([Fig. 4, A and B](#fig4){ref-type="fig"}; and Fig. S3, D and F). Nonetheless, because p22phox is expressed in both macrophages and neutrophils (Fig. S3 A), it is not clear whether these effects are cell autonomous. Because we observed that *cyba* morphants had fewer macrophages and more neutrophils at the wound at late time points, we speculated that this was caused by having fewer macrophages present at the wound to repel neutrophils. To further determine whether macrophages regulate neutrophil infiltration, we examined neutrophil wound attraction in *yrk* morphants (Fig. S3 C), because *Yrk* is expressed specifically in macrophages but not neutrophils. We found that neutrophils were retained at wounds in *yrk* morphants at 6 hptt, with no effect on early wound attraction ([Fig. 4, C and D](#fig4){ref-type="fig"}). Collectively, these findings indicate that the presence of macrophages at wounds does not impact initial neutrophil wound recruitment but is required for proper resolution of neutrophil infiltration at sites of tissue damage.

![**p22 phox and Yrk regulate neutrophil reverse migration.** (A) Representative images of neutrophil recruitment to wounds in 3-dpf control and *cyba* morphant (*cyba* MO) larvae. 1 and 6 hptt, larvae were fixed, and Sudan black staining was used to visualize neutrophils. (B) Quantification of the number of neutrophils at wound in control and *cyba* morphant (*cyba* MO) larvae at 1 and 6 hptt. (C) Representative images of neutrophil recruitment to wounds in 3-dpf Tg(*mpx:Dendra2*) larvae treated with buffer control or *yrk* MO1 and *yrk* MO2 at 1 and 6 hptt. Dashed lines border the location of tail transection. (D) Quantification of the number of neutrophils at wounds in C. (E) Schematic of the reverse migration experiment (see Materials and methods). (F) Representative images acquired just before photoconversion, just after photoconversion, and at 4 hpw. 3-dpf Tg(*mpx:Dendra2*) larvae that were injected with buffer (control) or *cyba* MO were wounded. (G) Quantification of the number of new neutrophils entering the wounded fin area (bounded by dashed orange squares). (H) Quantification of the fraction of neutrophils remaining in the wounded area. (I) Same experimental setting as in F was used to compare neutrophil reverse migration between control and *yrk* MO1 larvae. (J) Graph representing the quantification of new neutrophils at the wound 4 hpw. (K) Histogram of the fraction of neutrophils remaining in the fin counted 4 hpw. (*n*) = number of larvae. Horizontal lines indicate means. Error bars indicate SEM. \*, P \< 0.05; \*\*\*, P \< 0.001; \*\*\*\*, P \< 0.0001, two-tailed unpaired *t* test (B, G, H, J, and K) and one-way ANOVA with Dunnett's post-test (D). Bars, 70 µm.](JCB_201408090_Fig4){#fig4}

To determine whether Yrk and p22phox specifically regulate neutrophil reverse migration to modulate resolution of neutrophil infiltration at wounds, we used Tg(*mpx:Dendra2*) zebrafish larvae, which express the photoconvertible protein, Dendra2, in neutrophils to specifically track the fate of wound-associated neutrophils in *cyba* or *yrk* morphants ([Fig. 4 E](#fig4){ref-type="fig"}; [@bib29]). Early neutrophil recruitment to the wound was not affected in *cyba* morphants ([Fig. 4, A and B](#fig4){ref-type="fig"}); however, we found that p22phox deficiency significantly impaired neutrophil reverse migration ([Fig. 4, F and H](#fig4){ref-type="fig"}). We found that *cyba* morphants had a slight, but nonsignificant, increase in the recruitment of new neutrophils to the wound area ([Fig. 4 G](#fig4){ref-type="fig"}), demonstrating that the persistent infiltration of neutrophils in the fins of *cyba* morphant larvae was a result of impaired reverse migration. In *yrk* morphants, we observed that both new neutrophil recruitment to the wound and impaired reverse migration of neutrophils contributed to impaired resolution of neutrophil inflammation ([Fig. 4, I and K](#fig4){ref-type="fig"}). Thus, we demonstrated that neutrophil reverse migration from wounds is reduced when macrophage wound response is impaired.

To determine a cell-autonomous role for *cyba*, we ectopically expressed MO-resistant *cyba* in either neutrophils or macrophages and analyzed neutrophil and macrophage wound recruitment in *cyba* morphants. Although ectopic expression of *cyba* in neutrophils impaired early neutrophil wound attraction, it did not rescue the reverse migration defect caused by *cyba* depletion ([Fig. 5, A and B](#fig5){ref-type="fig"}). However, ectopic expression of *cyba* in macrophages rescued both macrophage recruitment to wounds and the resolution of neutrophil-mediated inflammation ([Fig. 5, C and D](#fig5){ref-type="fig"}). These findings support a key role for macrophage redox signaling and macrophage recruitment in the resolution of neutrophil inflammation. Moreover, it is possible that in patients with CGD, persistent neutrophil infiltration may, in part, be caused by a defect in neutrophil resolution through a macrophage-dependent pathway.

![**p22 phox expression in macrophages regulates the neutrophil wound response.** (A) Representative images of neutrophil wound recruitment with or without *cyba* MO in 3-dpf Tg(*mpx:gfp*) or Tg(*mpx:cyba-gfp*) 3-dpf larvae fixed 3 hpw. (B) Quantification of the number of neutrophils at the wound obtained in A. (C) Representative images of neutrophil and macrophage wound recruitment 3 hpw with or without *cyba* MO in Tg(*mpx;mcherry*) larvae that transiently express *mpeg-gfp* or *mpeg:cyba-gfp* (D) Quantification of the number of macrophages (left) and neutrophils (right) present at 3 hpw in 3-dpf larvae depicted in C. Ctrl, control. (*n*) = number of larvae. Horizontal lines indicate means. Error bars indicate SEM. \*, P \< 0.05; \*\*, P \< 0.01, two-tailed unpaired *t* test. The triangles indicate wound location. Bars, 50 µm. (E) Schematic representation of redox/SFK signaling in adjacent tissues that control leukocyte recruitment to wounds (left), resolution of inflammation, and wound regeneration (right). After tissue injury, hydrogen peroxide (H~2~O~2~) is released and triggers the activation of the SFK Lyn in neutrophils. We report here that macrophages also require hydrogen peroxide production for their directed migration and identify the pivotal role of NADPH oxidase and the SFK Yrk in macrophage chemotaxis and indirectly on neutrophil reverse migration.](JCB_201408090_Fig5){#fig5}

Here, we demonstrate that macrophages are necessary for neutrophil reverse migration and resolution of neutrophil-mediated inflammation at wounds. We have identified a ROS-activated, SFK signaling pathway in macrophages that mediates macrophage recruitment to wounds and the subsequent egress of neutrophils from tissue damage. Parallel ROS-activated SFK signaling cascades are necessary for early neutrophil recruitment to wounds through Lyn ([@bib30]) and the regeneration of wounded tissues through Fyn ([@bib31]), implicating these ROS--SFK pathways in adjacent tissues as key regulators in multiple phases of the wound response ([Fig. 5 E](#fig5){ref-type="fig"}). We observed that macrophages frequently contact neutrophils before neutrophils move away from the wound, indicating a contact-mediated guidance that resembles the chase and run behavior reported for neural crest cells ([@bib27]). Collectively, our findings suggest that redox-SFK signaling in adjacent tissues is essential for coordinated leukocyte wound attraction and repulsion during the onset and resolution of inflammation induced by tissue damage.

Materials and methods
=====================

General zebrafish procedures and drug treatment
-----------------------------------------------

All adult and larval zebrafish were maintained according to protocols approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee. For wounding and live imaging assays, 3-d-postfertilization (dpf) larvae were anesthetized with E3-Tricaine (0.2 mg/ml Tricaine) medium. When indicated, 3-dpf larvae were pretreated with drug 1 h before experiments (indicated concentration of DPI and 20 µM PP2) in E3 with 0.1% DMSO. All drugs were purchased at EMD Millipore. Tail transections were performed with a razor blade. Ventral tailfin wounds were performed using a 33-gauge × 1/2-inch needle.

MO injection
------------

3 nl of MO solution (Gene Tools) in Danieau buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO~4~, 0.6 mM Ca(NO~3~)~2~, and 5 mM Hepes, pH 7.2) or Danieau buffer alone was injected into 1-cell-stage embryos. 100 µM *duox* splice MO (5′-AGTGAATTAGAGAAATGCACCTTTT-3′) was injected with 300 µM *p53* MO (5′-GCGCCATTGCTTTGCAAGAATTG-3′), and 300 µM p53 MO alone was used as a control ([@bib30]). For p22phox knockdown, *cyba* (*cyba* is the p22phox gene) splice MO (5′-ATCATAGCATGTAAGGATACATCCC-3′) was used at 500 µM. Two *yrk* splice MOs were used, 500 µM *yrk* MO \#1 (*yrk* MO1; 5′-GTCCTTCATCTGTAAACTCACGTGT-3′) and 500 µM *yrk* MO \#2 (*yrk* MO2; 5′-CAATAACTGCACAAACGCACCTTTA-3′). 400 µM *irf8* MO (5′-AATGTTTCGCTTACTTGAAAATGG-3′) was used to deplete macrophages in larvae ([@bib13]). 500 µM *lyn* MO (5′-TCAGACAGCAAATAGTAATCACCTT-3′) was used as previously described ([@bib30]).

Transient expression of *mpeg:cyba-gfp*
---------------------------------------

3 nl of solution containing 20 ng/µl of DNA plasmid (*tol2-mpeg:cyba-gfp* or *tol2-mpeg:gfp* as a control) and 17 ng/µl of transposase mRNA with and without 500 µM of *cyba* MO in Danieau buffer was injected in Tg(*mpx;mcherry*) 1-cell-stage embryos. At 2 dpf, larvae were dechorionated and screened for double positive--expressing larvae.

RT-PCR
------

RNA was made from the individual larvae by dissociating them in 100 µl TRIZOL (Invitrogen) followed by centrifugation at 14,000 *g* for 10 min at 4°C. 20 µl CH~3~Cl was added to the supernatant, vortexed in brief, and chilled on ice for 10 min. The sample was centrifuged for 20 min, and 35 µl of the upper, aqueous layer was collected. 35 µl isopropanol was added to the collected layer, mixed, and centrifuged for 10 min, and 70 µl of 70% ethanol in diethylpyrocarbonate H~2~O was added followed by centrifugation for 10 min. The ethanol was decanted, and the RNA pellet was allowed to dry before resuspending it in 10 µl RNase-free water. RT-PCR was performed on purified RNA with a OneStep RT-PCR kit (QIAGEN) to assess the effectiveness of the *cyba* MO. A single reaction contained the following: 16.45 µl RNase-free H~2~O, 5 µl of 5× reaction buffer, 1 µl deoxynucleotide triphosphate, 0.5 µl RNasin, 0.15 µl forward primer (100 µM stock), 0.15 µl reverse primer (100 µM stock), 1 µl enzyme mix, and 0.75 µl RNA. The following cycle was used: 53°C for 30 min, 95°C for 15 min, 33× (95°C for 30 s, 55°C for 60 s, and 72°C for 60 s), 72°C for 5 min, and hold at 4°C. The following primers were used (shown 5′ to 3′): *yrk* forward, CAGATCATGAAGAGGCTCCGTC; *yrk* reverse, CCTGCTCCAGCACCTCTCGG; *cyba* forward, ATGGCGAAGATTGAGTGGGCGAT; *cyba* reverse, GCTGCAGCATGGAGGTTATCTGCT; *mpeg1* forward, CTTTAATTCAGAGCCACGGAGGAGC; *mpeg1* reverse, GTAGACAACCCTAAGAAACCACAGG; *mpx* forward, GCTGCTGTTGTGCTCTTTCA; *mpx* rev, TTGAGTGAGCAGGTTTGTGG; *ef1a* forward, TACGCCTGGGTGTTGGACAAA; and *ef1a* reverse, TCTTCTTGATGTATCCGCTGA.

Sudan black staining and immunofluorescence
-------------------------------------------

3-dpf larvae were anesthetized with E3-Tricaine and wounded as indicated in the General zebrafish procedures and drug treatment section. Tricaine was removed by washing the larvae with E3. The larvae were returned to a 28.5°C incubator for the indicated amount of time. Larvae were fixed with 4% paraformaldehyde in PBS overnight at 4°C and washed with PBS. They were incubated in Sudan black for 20--60 min and washed with 70% ethanol. Embryos were observed with a zoom stereomicroscope (SMZ1500; Nikon). For immunofluorescence, the indicated larvae were fixed with 1.5% formaldehyde in 0.1 M Pipes, 1.0 mM MgSO~4~, and 2 mM EGTA overnight at 4°C and permeabilized in methanol as previously described ([@bib30]). Anti--MPEG-1 antibody from rabbit (\#55917; AnaSpec) was used at 1:200 to label macrophages. DyLight 549--conjugated IgG antibody from goat (Jackson ImmunoResearch Laboratories, Inc.) was used as a secondary antibody.

Live imaging
------------

Real-time imaging was performed on 3-dpf double transgenic larvae Tg(*mpx:DsRed*) × Tg(*mpeg1:Dendra2*) and Tg(*mpx:Dendra2*) larvae. The *mpeg1* and *mpx* promoters were used to specifically drive expression of fluorescent proteins in macrophages ([@bib9]) and neutrophils ([@bib30]), respectively. After needle wounding or tail transection, larvae were mounted in E3-Tricaine (0.2 mg/ml Tricaine) containing 1% low melting agarose. To track macrophage and neutrophil behavior, a z series stack of each larva was acquired at room temperature every 1--5 min during the indicated times using a laser-scanning confocal microscope (FluoView FV1000; Olympus) with an NA 0.75/20× objective using FV10-ASW as acquisition software (Olympus). Manual tracking was performed with the MTrackJ plug-in for ImageJ software (National Institutes of Health). When indicated, directionality corresponds to the distance between the origin and final point of the neutrophil track compared with the total distance traveled by the same neutrophil. For [Fig. 2 (B--G)](#fig2){ref-type="fig"}, the behavior of neutrophils at the wound was analyzed in 89 videos; 54 were useable for quantification. 16 videos exhibit neutrophils first at wound (condition a), and 16 were quantified (*n* = 20 different neutrophil tracks). 23 videos exhibit macrophages first at wound (condition b), and 13 were quantified (*n* = 60 different neutrophil tracks). In the remaining 15 videos, neutrophils and macrophages reach the wound simultaneously. For [Fig. 2 (E--G)](#fig2){ref-type="fig"}, the percentage of neutrophils that resolved = (number of neutrophils that touched the wound and reverse migrated during a 2-h acquisition)/(total number of neutrophils that touched the wound) × 100. For [Fig. 2 (H--K)](#fig2){ref-type="fig"}, the results were obtained from the analysis of five different larvae for the control and three different larvae for the *irf8* MO. For [Fig. 2 (E--K)](#fig2){ref-type="fig"}, results are representative of three independent experiments.

Reverse migration assay
-----------------------

Tg(*mpx:Dendra2*) zebrafish embryos were treated as indicated in the figures and as described in general zebrafish procedures and drug treatment section. Dendra2 is a photoconvertible fluorescence protein whose emission can be permanently changed from green to red by excitation with 405-nm light ([@bib11]). Batches of control and morphant larvae were wounded as described in the General zebrafish procedures and drug treatment section. At 1 or 2 hpw, larvae were mounted in E3-Tricaine (0.2 mg/ml Tricaine) containing 1% low melting agarose. An imaging sequence was performed on each larva that involved taking one initial z stack of the tailfin, photoconverting the neutrophils around the tailfin, and taking a second z stack immediately after photoconversion. Photoconversion was performed at 1 or 2 h after wounding in a region of interest around the wounded or transected area that were approximately the same size for each larva. The following stimulation settings were used for photoconversion: 40% 405-nm laser transmissivity, 10 µs/pixel dwell time, and 45 s total stimulation time. After all larvae were photoconverted, the larvae were imaged to determine the position of the neutrophils at the indicated time points. A region that was determined dorsally by the tip of the notochord and cranially by the distal end of the caudal artery ([Fig. 4 E](#fig4){ref-type="fig"}, diagram) was used to determine the number of neutrophils remaining in the wounded area at 4 hpw. The number of new neutrophils was determined by taking the difference of the number of nonphotoconverted neutrophils in this region at 1 and 4 hpw. For the tail transection model, the region used to determine the number of photoconverted neutrophils remaining in the wounded area corresponded with the same area used for photoconversion.

Statistical tests
-----------------

All statistical tests were performed using Prism (GraphPad Software). Comparisons between two groups were performed with two-tail unpaired *t* test. For comparisons among three or more groups, one-way analysis of variance (ANOVA) with Dunnett's post-test was used. Error bars indicate SEM. Each result is representative of at least three independent experiments.

Online supplemental material
----------------------------

Fig. S1 shows the kinetics of neutrophil--macrophage interactions at wounds. Fig. S2 shows that macrophage depletion increases neutrophil inflammation. Fig. S3 shows that *cyba* is necessary for resolution of neutrophil-mediated inflammation. Video 1 shows the kinetics of neutrophil--macrophage interactions at wounds. Video 2 shows that neutrophils are repelled by macrophages. Video 3 shows the neutrophil behavior at wounds is influenced by macrophages. Video 4 shows a macrophage chasing a neutrophil at the wound edge. Video 5 shows a neutrophil chased by a macrophage. Video 6 shows that neutrophils avoid macrophages to arrive at the wound. Video 7 shows the trapping and phagocytosis of a neutrophil by a macrophage. Video 8 shows a neutrophil trapped by a macrophage at the wound. Video 9 shows that *irf8* morphant larvae exhibit impaired neutrophil reverse migration. Video 10 shows the disorganized neutrophil migration in *irf8* morphant. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201408090/DC1>.
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